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Abstract. This is the theory summary of Strangeness in Quark Mat-
ter 2019 conference. Results include the state-of-the-art updates to the
Quantum Chromodynamics (QCD) phase diagram with contributions
both from heavy-ion collisions and nuclear astrophysics, studies on the
QCD freeze-out lines, and several aspects regarding small systems includ-
ing collectivity, heavy flavor dynamics, strangeness, and hard probes.
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1 Introduction
One of the crucial signatures for the discovery of the Quark Gluon Plasma (QGP)
was the measurement of strangeness enhancement due to the ease of producing
more strangeness particles from gluon interactions or an annihilation of a light
quark anti-quark pair. Since that time the study of strangeness has evolved
significantly. For instance, now that it is understood that the Quantum Chro-
modynamic (QCD) phase transition is a cross-over [4], contrasting observables
of light versus strange hadrons can provide insight into properties of this transi-
tion. Connected to the same QCD phase diagram but in the baryon rich regime,
the interactions of strange hadrons are a necessary input to the QCD equation
of state and can put constraints on the mass radius relationship of neutron stars.
The natural next step is then studying the charm quark, which may not be
thermalized with the rest of the QGP and can provide orthogonal information
about its properties. In fact, charm quarks appear to be a particularly interesting
probe in small systems [1] and may provide key information to determine the
limits of size of the QGP. However, one should caution that it is important to
use realistic medium in theoretical descriptions, otherwise the results may be
misleading.
In this theory summary of Strangeness in Quark Matter 2019, I provide
an overview of the latest breakthroughs in relativistic heavy-ion collisions and
nuclear astrophysics that give insight into strange and charm quarks.
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Fig. 1. QCD phase diagram from Lattice QCD (left) with BSQ conserved charges from
[2]. On the right is the estimated range in the QCD that neutron star mergers may
reach using ideal relativistic hydrodynamic calculations coupled to GR [3].
2 QCD Phase Diagram: from Heavy-Ion Collisions to
Neutron stars
Over the last few years significant advancements have been made to the QCD
phase diagram. The left side of Fig. 1 demonstrates the most recent reconstruc-
tion of the QCD equation of state based on Lattice QCD results for an equation
of state with three conserved charges: baryon number, strangeness, and electric
charge where one finds that the assumption of strangeness neutrality pushes ex-
periments to larger baryon chemical potentials [2]. This implies that relativistic
heavy ion collisions may possibly be closer to nuclear astrophysics than originally
expected. In nuclear astrophysics it is possible to reach quite high temperatures
in neutron star mergers (see Fig. 1 on the right) and gravitational waves may
provide hints if deconfined matter is at the core of neutron stars [3].
At µB = 0 the phase transition is a cross-over [4] and it is anticipated that
at larger baryon densities a critical point may be discovered followed by a first-
order phase transition line that may be reached in neutron star mergers or proto-
neutron stars. One of the primary signals of such a critical point is the kurtosis
of net-proton fluctuations [5,6]. However, caveats exist once one considers finite
size effects, centrality binning, and detector efficiencies [7,8].
One of the crucial questions in nuclear astrophysics is: what is the state
of matter at the core of a neutron star? Is it deconfined matter, just pro-
tons/neutrons, or strange baryons (and their non-trivial interactions)? A possible
signal for deconfiment would be the measurement of mass twins, which are stars
that have the same mass but vastly different radii [9,10,11]. Additionally, it is im-
portant to properly understand repulsive versus attractive hyperon interactions
since the addition of hyperons can affect the mass radius relationship [12,13,14].
‘
Unlike in most studies of phase transitions in fields like condensed matter, in
nuclear physics the system may be far from equilibrium and transport coefficients
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play a significant role in the search for a critical point/first order phase transition.
Shear and bulk viscosity need to be calculated at finite baryon densities [15].
In heavy-ions where BSQ conserved charges are relevant, this also then leads
to three diffusion transport coefficients for each conserved charges, which have
been thus far been calculated in kinetic theory or non-conformal holographic
models [16,17,18,19,20,21]. Unlike in heavy-ions, in neutron star mergers the
transport coefficients stem from weak interactions [22,23], which must eventually
be incorporated into relativistic hydrodynamic calculations coupled to general
relativity [24] (specifically bulk viscosity).
2.1 Freeze-out
While each event in heavy-ion collisions (or single neutron star merger1) passes
through the phase diagram in a unique manner depending on its initial conditions
(expanding and cooling over time), one can measure the point of chemical freeze-
out using identified particle yields [25,26] and fluctuations [6,27,28,29].
There is a tension between yields of light and strange particles in hadronic
yield comparisons with thermal fits [26]. Fluctuations of conserved charges [30,31]
demonstrate a preference for a flavor hierarchy i.e. strange hadrons freezing
out at a higher temperature than light hadrons. Additionally, transport models
reveal a similar conclusion [32]. To explore this further, STAR has measured
cross-correlations between conserved charges using certain identified hadrons
[33]. However, it may be that there are alternative proxies for BSQ conserved
charges that would be a better for direct comparisons to Lattice QCD [?].
Following chemical freeze-out, one expects that kinetic freeze-out is achieved
(although at very low beam energies the two appear to converge to the same
temperature [35]). Recently, HADES used virtual photons to estimate temper-
atures reached at very low beam energies [36] and found that the temperatures
may be somewhat higher than originally expected.
One challenge to the thermalization picture comes from the recently mea-
sured light nuclei that appear to follow yields calculated from thermal fits. Ques-
tions remain in terms of interpreting these results and their implications [37,38].
2.2 Hadron spectrum
Understanding both the total number of possible hadrons and their interactions
are fundamental to both the understanding of the hadron gas phase in heavy
ion collisions and the composition of the core of neutron stars. Recently, partial
pressures were used to constrain the particle spectrum [39] and it was found
that even resonances with the most experimental uncertainty are needed to re-
produce Lattice QCD results. However, the inclusion of in-medium effects of the
HRG could also reproduce these partial pressures [40]. Additionally, significant
progress has been made in understanding hyperon interactions in Lattice QCD
[41], which may have wide reaching effects.
1 I am currently unaware of an equivalent measurement to freeze-out in neutron star
mergers but hypothesize that nuclei abundances would be a potential candidate.
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3 Heavy Flavor and Hard Probes
Because of the large mass of the heavy quarks, charm quarks should likely have
much longer thermalization times [42]. To understand the degree of thermaliza-
tion of the charm quarks, the effect of charm conservation was studied [43] and
predicts a very large differences in the Ds/D0 ratio, if charm is conserved.
Since the very first event-by-event heavy flavor [44] and hard probe calcu-
lations [45] many new observables have been proposed that correlate the soft
and hard/heavy sectors [46,47]. For instance, it was first suggested in [48] that
the event plane angle of higher order harmonics or hard probes would be less
and less correlated with the soft event plane angle. This was further confirmed
in [46,47,49]. Then in [50] a new correlation function was proposed in order to
study the interplay with the soft and heavy flavor sectors, which also found that
the higher harmonics are less correlated with the soft sector.
One important caveat in most heavy flavor studies is that the hydrodynamic
background can play a significant role if not tuned properly to the soft sector. In
[51] it was found that multiple heavy flavor models may appear to all simultane-
ously match both RAA and v2, however, once identical backgrounds were taken
for all models wide variations were seen comparing to the same observables.
In [49] two different choices in initial conditions were compared to experimen-
tal data and v2{4}/v2{2}(pT ) of D mesons appeared to be the best choice to
distinguish between the two initial condition models.
Heavy flavor studies are sensitive to coalescence and fragmentation [52]. Ad-
ditionally, understanding the origin of the heavy flavor transport coefficients in
a strongly coupled [53] versus weakly coupled approach is important to under-
standing the properties of the QGP. While the soft gluon approximation is well
motivated, it was found that its effect on suppression is negligible [54]. Finally,
taking the ratio of the RAA in different collision sizes, may give insight into the
path length dependence [55].
4 Small Systems
One of the newest frontiers of high-energy nuclear physics is the understanding
on the limits of the smallest droplet of the Quark Gluon Plasma. Relativis-
tic hydrodynamic models reproduce collective flow observables reasonably well,
however, other signatures of the Quark Gluon Plasma are not as well under-
stood. Even for collective flow, significant questions remain about the nature
of the initial conditions [56] and the approach to hydrodynamics [57,58,59,60].
Alternative approaches are also being explored using PYTHIA+URQMD [61]
and fluctuations derived from QCD interactions [62].
One fundamental question in small systems is if quarks of different flavors
have sufficient time to reach thermalization. Recently, the ALICE collaboration
published a paper [63] where they found an enhancement of strangeness in small
systems that could not be explained by existing models. Using effective kinetic
theory, in [64] they estimated that the minimum multiplicity to live long enough
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to reach thermalization would be dN/dη & 100. However, if one considers a
core-corona model, it appears that there is still a significant contribution from
the core down to dN/dη & 10 [65,66].
It was originally thought that the chiral magnetic effect (CME) should only
appear in large systems, however, in [67] it was found to have a significant
signal in pPb collisions. Interestingly, enough it appears that when one fully
incorporates electromagnetic fields in PHSD that one can obtain a splitting of
charge in pPb [68]. Further developments in magnetohydrodynamics have also
been made [69] that will also be relevant to future CME studies.
While collective flow and strangeness enhancement have been measured in
small systems, the suppression of hard probes and heavy flavor has not (i.e.
RpPb ∼ 1). In [70] an intermediate system size scan for D mesons was proposed
to see the progression of RAA → 1 with shrinking system size and to make
centrality comparisons of v2, which has a non-trivial relationship with system
size due to the increase in eccentricity with decreasing system size. This is an
especially interest proposal considering that D mesons appear to be sensitive to
out-of-equilibrium dynamics [71]. For the effect of quarkonium in small systems
see [72].
5 Outlook
The study of strange and charm quarks has branched off into many new and
unexpected directions that probe the fundamental theory of strongly interac-
tions. For instance, D mesons may be used to further study far-from-equilibrium
hydrodynamic behavior in small systems because of the unique information they
can provide in contrast to light flow observables. For the QCD equation of state,
one expects that new collaborations will spring up between heavy-ion physicists
and nuclear astrophysicists who are willing to work together to better map out
the QCD phase diagram at finite baryon densities. This could lead to full BSQ
hydrodynamic calculations in heavy-ion collisions and the possibility of viscous
fluid calculations coupled to GR in neutron star mergers. Further developments
into magnetohydrodynamics and vorticity are also needed to better understand
effects especially important at low beam energies. Of course, much needed con-
text for these theoretical calculations will be provided by the Beam Energy Scan
II and NICER data that are expected to appear soon.
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